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1.0 INTRODUCTION

Optical transmission through ciouds is of importance in optical communications
and remote sensing applications. In both dowr''nk and uplink communications
systems the transmission and reflecticn of signal and backgreund light from clouds
is of importance in determining the strength of the perceived €1gnai to-noise ratic.
Of equal importance is the spatial, angular, and temporal spreading or the signal
oulse in the cloud. That is, due to random scattering events in the cloud a
coilimared signal will be physically wider, decollimated, .. «d arrive at the recei
over time periods exceeding the original pulse. All of th+ s€ can impact the signal-
ro-noise ratio.  Likewise, In remote sensmg, a thorough unde*stanulng ot the
reflection irom cloud surface is required in order to ascertain the cloud optical
properties.

Y er

This report is part of an ongoing effort at NOSC to characterize clouds. In the past,
most of the effort has been placed on the characterization of strafub clouds. In this
:ormection, analytic models have been developed for cloud transmission and
simulations have been carried out for spatial and temporal spreading. Now
attention is being turned to finite clouds. The transmission and >preadmg (spatial,
angular, and temporal) are all of interest for finite clouds.

A simulation was developed for radiative transfer in finite clouds in order to gain
ir‘rig“t ‘"n'o the cloud characteristics. This report describes the finite cloud moael
and its veritication for a stratus cloud. The results are compared with the current
deterministic link models.

Section 2 contains a technical description of the model. Section 2 contains the
results of cloud simulations and comparison with other models. Conciusions and
recommendations are proffered in Section 4. References can be found in Section 3

20 TECHNICAL DISCUSSION
Background

The simulation of radiative transter in clouds is carried out by the Mcnte Carlo
method. In a Monte Carlo computation one photon at a time 1s followed in its
three-dimensional path through a scattering medium. Its fate is determined by
suitable probability distributions for mean free path, absorption, scattering angle
'v"pc lon angle from a surface, absorptxon at a surtace and so on. The photon is

Lowed untJ it 15 absorbed, detected, or leaves the field of interest. A sufficient
numbder of such photons are tollowed until a picture of the svstem emerges. A
detaned accounting of the Monte Carlo method 1s given in l\opundvx A
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Monte Carlo simulations have been used in the past at NOSC to loD models for
spatial and temporai spreading in stratus clouds. These models consist or curve iits
to simulation data and are necessarily limited in applicability to the ranges ot opucal
and physical properties used in the simulations. The curve fits currently in use are
not built upon analytic models and essentially have no physical basis. Thev have
not been adequatelv documented and, as will be seen later, may not be applicable to
communications problems.

For rhe treatment of finite clouds, a "cubic” (actually parallelpiped) coud model nas
Deen deve‘oped The model is supplemented by the inter<'ty referc..ce method
which is used for the prediction of photon detection by surface receivers. In the
following sections the cubic cloud model and intensity reference method are
described. The application of these models to the prediction ot signal, background.
cloud transmission and optical thickness, and s.gnal-to-noise ratio are described.

22 Cubic cloud model

The cubic cdoud model consists of a parallelpiped doud situated above the ground.
The coud geometry and coordinate svstem are shown in Figure 1. The three sides
of the parallelpiped as well as the zenith and azimuth of the incoming photons may
be specitied independently. The model is then completely specified by the optical
thickness of the cloud and the asymmetry parameter. The model uses the Henvev-
Greenstein phase function for the prediction of scattering angle and Poisson
statisgcs for the mean free path (see Appendix A for a more complete description.)

O

tons may enter the cloud in from one to three faces, depending upon the source
zenith and azimuth For each fzce that receives photons a complete simuiation is
performed. Actually, these are identical calculations with the appropriate
coordinate transformation and source angle. Moreover, the number of photons
entering each face is adjusted so that each face has the same energy f]

IS

Thus. the model appropriately accounts for the photons entering different taces and
computes the fraction of photons exiting from each of the six faces. In addition, the
mean and standard deviation of the exit angle cosine, average position and distance
:raveled are computed. Table 1 shows a tvpical set of input and output.

In order tc isolate the cloud behavior, the present cubic cloud mode! does not
consider the surrounding atmosphere.

o
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2.5 Intensity Reference Method

The cuibic cdoud model can be applied to cornmunications problems by allowing the
colle=tion of photons at a receiver. Typically, the receiver is sufficiently far from the
clond and sufficiently small that literally millions of photons must be generated for
each one reaching the receiver. Clearly, this is undesirable because of the large
computation time required. Instead, recourse is made to an adaptation of the
intensity reference method due to Meier, Lee, and Anderson (1978). In this
technique, the probability of reaching the receiver is computed and stored as each
photon exits the cloud. The accumulated probabilities are proportional tc the
intensity. A more detailed description of the intensity reference method is given in
Appendix B.

The intensity reference method considers the probability of the photon reaching a
detector as a consequence of a scattering event. Figure 2 shows a schematic of the

method. Starting at the scattering event the photon has a probability of P (6,)dw of
being scattered in the direction of the receiver (if it is in the receiver field of view).
Along that path there may also be a probability of the photon being absorbed or
scattered out of the path. In addition, if the photon is being multiply-scattered then
a weighting function would also be applied if absorption is present. :

The advantage of this method is that, in contrast to the low likelihood of a photon
actually hitting receiver, there will always be some probability of it actually
occurring. Thus, summing probabilities greatly improves the statistics, since each
scattering event contributes to the intensity. In addition, the probability is computed
exactly from the scattering point to the receiver; no other approximations are
introduced. Moreover, the technique lends itself to vignetted receivers, i.e.,
receivers with a limited field of view (which lowers the likelihood of a photon
hitting the receiver even further).

In the present adaptation of the intensity reference method the probability of
reaching the receiver is computed as the photon exits the cloud. Thus, the photon is
foilowed through the cloud until it exits, at which point the probability of being
scattered toward the receiver is calculated from the last collision. More generally,
the probabiiities would be computed as the photon is scattered in the atmosphere.

A variation of the intensity reference method was tried assuming a Lambertian
radiance profile at the cloud base. In this case, the probability is computed from the
radiance profile rather than the scattering. The results so obtained were
unsatisfactory because of inconsistencies with the globai vloud transmission. This
led to an investigation of the radiance profile beneath a cloud. These results showed
that while the radiance profile beneath is a thick cloud is relatively independent of
cloud optical thickness and source zenith it is not Lambertian. Rather, it is skewed
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to favor forward scattered photons. These results are discussed in Section 3. At any
rate, this method was not comgatible with the intensity reference method.

The intensity reference method is well suited to this problem and would work
equally well if there was an atmosphere. The success of the method is due largely to
the far-field approximation being satisfied. Specifically, the receiver is small
compared with the range and the solid ar.gle may be considered as a differential.
When this assumption breaks down the phase function must be iniegrated over the
solid angle. This is discussed further in Appendix B.

2.4 Receivers

Two types of receivers were modeled to work in conjunction with the cubic cloud
model. The first is a flat plate receiver with a cosine response function aver a 90-
degree half-angle field of view. The second is a vignetted receiver with a cosine
response over a spedified field of view (less than 90 degrees). These are referred to as
"ideal” and "actual” receivers, respectively. They can also be thought of as
representing radiometer and communications receivers, respectively. The results
for the ideal receiver can be used to determine the cloud optical thickness from a
simulation just as measured irradiance is used from a radiometer. The results for
the actual receiver can be used to determine signal, background, and signal-to-noise
ratio. These applications are discussed in the following sections.

25 Cloud Transmission Model

The method whereby cloud optical thickness can be inferred from a measured
surface irradiance is well known (see, for example, Waldman, 1986). The optical
thickness is expressed implicitly in the physical relationship between the perceived
irradiance, cloud transmission, and source irradiance. In the simulation this
translates to

x, Ny
A, TR, (AT M

where X, is the number of background photons reaching the receiver of area A,

from a source of N photons at a direction cosine [, on a cloud of area A.. The

optical thickness 7 can be obtained from Eq. (1) by iteration. L. is the cloud
transmission given by King and Harshvardhan (1986) and Waldman (1987). In
developing Eq. (1) an ideal (flat plate) receiver has been assumed. The method
applies equally well to a vignetted receiver if Eq. (1) is modified as follows
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Xy Ni, L ) .
A,(I—COSZG) - Ac ‘(%'r) 2)
where 6 is the receiver field of view half-angle.
2.6  Signal-to-Nocise Model
The signal-to-noise ratio is defined here as
n
S/N = A,
n,+n, 3)

where n, and 7, are the number of signal of and background photoelectrons,
respectively.

For a downlink these are defined as follows

. 7.
n, = E’A']‘SWT' (4)
=P Af.B,T T
nb =, rflx ; hV r (S)

Note that E;A,f,, in Eq. (4) is simply the fraction of signal energy reaching the

receiver and P, A,f,; in Eq. (5) is the fraction of background power reaching the
receiver. Equations (4) and (5) take the following form for a simulation

= Q’(%XT?V—)T \ (6)
my = Ey AT (| 2 )T, | »

where ¥, and X, are the signal and background photons collected in the
simulation, respectively. Notice that, in general, these come from different
simulations because the signal and background may have different zenith angles
and spot sizes on top of the cloud (the background always covers the entire cloud,
the signal spot may be any size).




Optical Transmission Through Clouds
Cubic Cloud Model and Simulation
Page6

Signal-to-noise ratio predictions from the simulations can be compared with those
from a deterministic model. Such a model was developed for this purpose. It
contains both signal and background calculations for a receiver below a stratus
cloud. Spot shape is calculated so the results are sensitive to receiver position.
There is no atmosphere in the model.

2.7 Pulsewidth Model

The receiver integration time, T is modeled as it is in the deterministic link modei.
For a matched filter it is usually taken as

T =5t, =24, | @

Eq. (8) assumes a modified gamma function pulse; this may not gener‘ally be true.
Appendix C contains a more detailed descirption of the modified gamma function.

The receiver integration time in this analysis was measured from the simulation
pulse histogram.

3. RESULTS AND DISCUSSION

Several kinds of results were obtained in the course of testing and verifying the
cubic cdoud model. These are described below along with some typical results and
their interpretation. ‘

3.1 Simple cdoud model

The cubic cloud model was tested on its own prior to applying it to the signal-to-
noise calculation. The model should demonstrate symmetry and global energy
conservation, and should give the same transmission as the deterministic model
when the cloud length and width are much greater than height. The simulation
was also tested to ensure that the results for a diffuse source agree with theoretical
predictions; to wit, that a diffuse source produces the same result as an equivalent
direction cosine of p =2/3. The model does indeed satisfy all these criteria. Tables
1-3 shows the results for series of calculations in which the cloud is progressively
increased in size while its thickness is held constant. These tables show that as the
cloud area increases the photons exiting at the base approach the value of cloud
transmission given by the deterministic model.

John Yen of NOSC has extended this cloud model to study the irradiance patterns
on the surface beneath a finite cloud. His results will be reported separately.
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3.2 Radiance Profiles

A simplitied version of the cloud model was deveioped to studv the radiance
profiles upon retlection and trinsmission from a stratus cloud. The simplifications
consist of removing the cloud edges (i.e., infinite cloud) and using a point source
‘rather than one distributed over the cloud area).

-

he program produces histograms of the transmission and reflection radiance
tiles expressed as probability density functions versus angle. Figures 3-8 show
Lpar.sons of the retlection results with those for a Lambertian profile ror two

(“x ’U

&}

pticai thicknesses (7 = 20 and 100) and three source zeniths ({=0°, 60° and diffuse).

v

he results for the source at zenith {{=0°), i.e., Figs. 3 and 6 show non-Lambertian
radiance which favors smailer angles, this effect being more prorounced at higher
optical thickness. The results for an oblique source ({= 60°), i.e., Figs. 4 and 7, also

exhibit a non-Lambertian radiance but here the larger angles are favored. Bear in
mind, however, that these curves represent azimuthal averages and are not really
repre esentative of any particular directional retlectance function. The results for a
irfuse source (assumed to be Lambertian) are shown in figs. 5 and 8. For the

\/)

maller optical thickness (r = 20) the result is similar to that for the oblique source.
or the larger optical thickness (r = 100) the result is Lamberdan.

o8

-

Figures 9-14 show comparisons of the transmission results with those for a
Lambertian protfile for the same conditions as above. These results are fairly
uniform for all conditions. Spedifically, all these cases demonstrate that the radiance
profile is non-Lambertian and favor smail angles; the radiance profiles are quite
similar to each other. Figure 15 shows a composite plot of all the transmission
~izrograms and comparison with a skewed-Lambertian protile. To first order, it can
be conduded that the transmission radiance profile is independent of optical
‘nickness and source zenith for thick clouds.

The sxewed-Lambertian radiance profile can be represented bv the protability
Jersitv function

pl6)=1{m +licos "§sin# R
or
] a— > 3 m
peu-=lm + 1y 10
where n = 1 rfor a Lambertian protile. A vaiue of m = 13532 determined
F

LMPIricady s was used to Jenerate the curve tor Figure 135,

It uqe
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In summary, while conventional wisdom holds that the transmission and
retlection functions are Lambertian, they are not. Transmission radiance pretiles
are always skewed to lower angles (i.e., they are more forward scattered than
Lambertian) and reflection radiance profiles are sensitive to cloud optical thickness
and source zenith. Only for reflection of diffuse light from very thick clouds te.g.,

=100} was a Lambertian radiance protile observed.
3.3  Intensitv Reference Method

The clcud modc was extended to include a surface receiver on the ground. It was
pointed out earlier that to actually collect photons at a small receiver is impractical
and alternative methods were sought. The intensity reference method (IRMj],
described in Section 2.2 and Appendix B was xmplemented Three probability
models were examined. The first IRM model assumed that the radiance profile at
the hase of the cloud is Lambertian. In that case the probability of a photon being
scattered to the receiver is

U
p=gdo (11)

where dw is the solid angle defined by the receiver from the photon exit point at

the cloud base and u is the direction cosine. The solid angle is written as a
differential as a reminder that the analysis is valid for small solid angles. For larger
solid angles the probability must be represented a an integral, viz.

p=7]udo

-4[»—‘

(12)
since the direction cosine cannot be regarded as a constant over the receiver area.

Table 4 shows the results of a computation with a Lambertian IRM modael. The
resuits are highly unsatisfactory insofar as the transmission predicted for the ideal
receiver 1s 24% less than the actual value (as determined from the actual number of
chotons transmitted through the cloud). This discrepancy prompted the analvsis of
cloud radiance profiles discussed earlier in Section 3.2. It was concluded that the
discrepancy was due in large part to the failure of the Lambertian radiance protile to
adeqguatelv predict the forward-scattered nature of the radiance protile

Tne second [RM model assumed that the radiance protile at the base of the cloud is
swewed-Lambertian (as described above). In that case the probability ot a photon
neing scattered to the recetver is
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(i3)
Table 4 shows the results of the computation with the skewed-Lambertian IRM
model. The results show considerable improvement with the error being brought
down to 10%. This is better but not altogether satisfying. Recourse was made to a
more detailed IRM calculation

In a formal sense the IRM should be based on the actual scattering events rather
than on the global or macroscopic phenomena such as radiance profiles. Thus, the
third IRM model made no assumptions about the radiance profile. Rather, when
the photon is predicted to leave the cloud (i.e., its last scattering event), the
probability of the photon reaching the receiver is determined by the scattering phase
function, to wit,

p=P(8)o (14)

where P (8) is the normalized phase function. The Henyvev-Greenstein phase
function used in this study is given by

1_ 2
p(g) = —— g
47[ 3 372
(1+ g*-2gu) (15)

where g is the asymmetry parameter.

Table 4 shows the results of the comnputation with the Henyev-Greenstein IRM
model. The error is about 2%. Clearly, this is the appropriate IRM model.
Unfortunately, it is somewhat more computation intensive than the other methods
because of the scattering geometry.

The Henyey-Greenstein IRM will be adopted for all further cloud and receiver
simulation in this report.

3.4  RIMS Simulation/Inferred Optical Thickness

The Remote [rradiance Measuring Systems (RIMS) is a field unit for measuring
irradiance. Optical thickness can be inferred from the measured irradiance. The
cloud and receiver simulation are applicable to RIMS. To wit, the optical thickness
can ve inferred from 'measured" (i.e, simulation) photons reaching the receiver.
This method will be employed to determine the optical thickness in model
calculations of signal-to-noise ratio.
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3.5 Pulsewidth

The cubic cloud model was modified to record the temporal behavior of the
photons. Specifically, as photons move through the cloud and to the receiver the
tirmas of ‘ransit cre accumulated and the total transit time statistics are collected.
Two types of statistics are developed. One is the simnple mean and standard
deviation while the other is a histogram cof transit time.

Figures 16-21 show pulsewidth histograms for the ideal and actual receivers for a
variety of conditions. Also shown for comparison is the Lee-Schroeder pulsewidth
model (see, for example, Lee, et al. 1986). The latter model consists solely of a 3dB-
pulsewidth calculation, but a modified gamma function is assumed for the pulse
shape. Since Figs. 16-21 represent the same cloud optical and physical properties

(r=20,Z =H =1 km) the model curve is the same in all the figures. These results
show a considerable discrepancy between the present simulations and the model.
The present results show a dependence of the pulsewidth on the signal spot size,
receiver field of view, and receiver ground position which are unaccounted for by
the model. Generally speaking, the model tends to overestimate the pulsewidth
and the results get worse with diminishing receiver field of view.

Unfortunately, the model was never properly documented and so its origins are
unknown. After some study and analysis it was concluded (i.e., guessed) that their
model was based on a point source of photons and an infinite receiver (i.e., the time
for anv photons reaching the surface is counted). A simulation was run of the
presumed mode! described above. The results and comparison with the model are
shown in Figure 22. These results are in very good agreement with each other and
with those shown in Lee, et al. (1986). This lends credence to tne hvpothesis of a
point source and a distributed receiver and may explain why the model consistently
overestimates the pulsewidth.

3.6  Signal-to-Noise Ratio Simulation

As described previously, the signal-to-noise ratio simulation must be developed
‘rom separate simulations for the signal and background. A suite of simulations
was established for comparison with the link model. TIn all, twelve simulations
were run including:

2 laser zenith angles,
2 laser spot sizes.

2 sun angles,

1 cloud condition, and
2 recetver locations.

~J
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Tabies & uwough 16 show uie results of the simulations. The aralysis is limited to a
single cloud condition (7 =20, Z = H = | km) because of the excessive computing
time associated with the simulations. (Typically, three hours are required on a
Compag 386/20 with a Weitek coprocessor to get a decent pulse histogram.) Also,
the receiver field ot view half-angle was limited to 45°. Smaller field of view
translates to longer computation time because tewer photons land in the field of
vidw

Looking at Tables 5-16 the tollowing is observed: The user supplies the solar zenith,
signal nadir, spot radius on the cloud, cloud top area, receiver displacement (along
the x- or major-axis;, the cloud thickness and height, and the receiver parameters
used in the simulation. The user then provides the numbers of photons from the
results of the background and signal simulations and the 3dB puisewidth measured
‘romn the histograms (Figures 16-21). For the model, the spet extension must be
specified. This was taken as approximately unity for a centered receiver and one-
nalr for a receiver placed beneath the spot edge. The optical thickness for the
downlink calculation is interred from the background simulation. The results are
shown in the lower part of the table. The 3dB pulsewidth, signal, background, and
SNR are compared. Also, the receiver displacement (simulation) can be compared
with (half of) the spot major axis on the surface (model).

Generaily speaking the simulation and model sigrial predictions are in good
agreement, with an average difference of about 1.1 dB. There are onlv two ditferent
background values, and they agree to within less than 0.5 dB. (These results would
probablv have been better if a larger cioud area was used, but that would have
increased computation time). The signal-to-noise ratio for the simulation was
‘vpicallv 3 dB higher than that of the model. This is attributed ir large part to the
discrepancv of the simulation and model pulsewidth. Figure 23 shows a
comparison of the signal-to-noise predictions tor the simulation and model.

1C CONCLUSIONS AND RECOMMENDATIONS

A Monte Carlo simulation for finite parallelpiped clouds has been developed and
rested tor consistency with stratus (i.e., infinite) cloud models. Radiance protiles
Zenerated by the simulation were shown not to be Lambertian as is generally
believed. On transmission, the radiance profiles appear to be relatively mueﬁendent
of source angle and optical thickness and exhibit a skewed radiance protiie which
*avors smalier angles. On reflection, the radiance profiles cannot be so simply
characterized. Thev are probabiy bidirectional (i.e., dependent upon the azimuth
angle as well) and that was not considered in the present report. Only in the case of
refiection of a diffuse (Lambertian) source off a very thick cloud was a Lambertian
radlance protile observed.
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Pulse histograms were g« nerated tor a number of source and receiver combinations
for a given cloud conditivn. The pulsewidth and shape were found to be dependent
upon the spot size, source zenith, and receiver tield of view and surtace location
bereath the cloud in addition to its optical and physical properties. This is in sharp
contrast with the model currently used in link programs which depends onliv upon
the optical and phvsical properties. Simulated pulsewidths were of the order or one-
half of the predicted values for the actual receiver.

Signal-to-noise ratios generated from simulations were also carried out and
compared with model results. Generaily, the background values agree well (less
than 0.5 dB difference) and the signal values agree well (about 1 dB dirference). But
the signal-to-noise ratio is typically about 5> dB higher in the simulation than in the
model, due in large par’ to the discrepancy in the pulsewidth.

»

(¢v]

ne work described 71 this report shows that the cubic cloud model has great
otential for expandir g our understanding of radiative transfer in clouds But this
s onlv the first step. This model is a valid tool for studving non-unitorm cloud
optics and should be applied to the downlink, uplink, and remote sensing problems.
Also, the results of the radiance profile and pulsewidth indicate that the spatial,
angular and temporal spreading of light in stratus cloud should be re-examired.

)

o
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SIMUZATION O F LIGHT SCATTERING I N CLCUDS
SVS/Weitek Version
Select C IRS Model “Print CFF
N(0. of PhOtONS . v v v ennrnns 25000 X( dimension (km)............. 1.00
Y( dimension (km)............. .00
S (curce zenith (deg)......... . 30.00 Z{ dimension (km)............. 1.00
Afzimuth (deg) . ... .o 30.00
Estimated time................ 12.50
Siptical thickness of cloud... 50.00 Start time......... . ... ... 11:21:34.53
3( asymmetry param for scat... 0.875 End time. ...... .. ... ... ..11:29:22.79
Cootinuum model LC. .o 17.42
X+ v 2+ X- b Z-
ceount (%) 13.24 13.33 10.01 20.89 i8.2: 24.32
<cos> 0.667 0.662 3.749 -0.642 -0.622 -0.875
dev 0.374 0.388 0.412 0.380 0.388 0.37%
b4 0.500 -0.082 -0.206 -0.500 -0.02:2 0.001
¥ -0.040 0.500 -0.113 -0.004 -0.503 2.003
Z -0.231 -0.185 5.560 -0.038 -0.065% -0.5300
<@> 0.709 0.736 0.712 0.502 0.614 0.635
C:\TP\NCSC 2LCUD>

Table 1. Resui.. of Cubic Cloud Simulation (I1x1x1 km Cloud)
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SIMJLATION o F LIGHT SCATTERING I N cr

LOUJZS
SVS/Weitek Version
Select C IRS Model “Pripnt SFF
Nio. 2f ohnCtOonS. v v vt iie e 25060 X( dimension (kmj............. S.00
Y{ dimension (km)............. 5.06C
zenith (deg).......... 30.00 Z2( dimension (km)........... .. 1.60
fdegi v i e e 30.00
Estimatea time................ 12.50
Siptical =hickness of cloud... 50. Of Start time.................22:03:01.63
3( asymmetry param for scat... 0.875 Ind time. ... ..o 12:15:20.860
Continuum model Le... ..., . 17.42
X+ Y+ a L= - 2~
zount (%) 4.90 3.487 13.27 8.3 5.30 60.1
<zos> C.6381 0.874 5.718 -0.659 -0.543 -0.682
dev 1.421 1.428 1,271 1.424 1.406 1.346
% 2.500 -0.113 -0 344 -2.500 -0.013 -0.015
b4 -0.080 2.500 ~3..58 -0.044 -2.500 -0.014
2 -0.235 -0.210 3.500 -0.050 -0.37 -0.50¢C
<a> 1.258 1.422 3.514 1.048 1.682 1.42
CINTPINCEZNCLOUD>

Table 2. Results of Cubic Cloud Simulation (5x3x1 km Cloud)

Page 14
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I ON O F LIGHT SCATTERING I N CLOUDS
SVS/Weitek Version
IRS Model “Print OFF
oholiol o X- SN 25000 X( dimension (km)............. 10.0¢C
Y( dimension (xm)............. 16.00
degl... ... 30.30 2{ dimension (km)............. 1.0¢C
................. 30.00
Estimated time. ... ... ... ..... 12.50
Ziptical thickress of cloud... 50.30 Start time................. 12:16:30.88
3! asymmetry raram £or scat... 0.875 End Time. .. vvii i s 12:29:34.74
Zzntinuum model Le..oo...L..L. 17.42
X+ T+ 2+ X- b Z-
csunt (%) 2.7 2.46 1732 4.53 3.82 £8.93
<ccs> 0.679 0.636 D.712 ~-0.654 -0.623 ~-0.682
dev 2.830 2.837 3.379 2.863 2.829 3.970
X 5.000 -0.162 -0.339 -5.000 0.051 -0.028
Y -0.128 5.000 -0.172 0.062 -5.0CGC -0.021
2 -0.212 -0.211 0.500 -0.041 -0.074 -0.500
<d> 1.498 1.532 4.0240 1.081 1.143 1.562

T TPANLCSTTLTUDS

— -

—able 3. Results of Cubic Cloud Simulation (10xI10xI km Cloud)
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Lambertian Skewed~-Lambertian Henyey-Greenste:rn

i naciance Trofils | Tatidnce prefile | Seetiening Tuneio
32.63 32.63 32.€3
;'QEEiee: 24.30 29.33 33,29
Zfi?:;zﬂce -24.20 -12.10 +2.35

: . L e A
Table 4. Companson of Cloud Transmission trom Intensitv Reference Models
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22 MPARISCN o SIMULATION w/ DOWNLINK M2 32 Z L1
Simple Cloud Mcdel
Select 3 Turbo Pascal 5.0 “Zrint  ON
Z{enizh cf sun (deg)......... 2.00
Ntadir ¢f signal (deg)........ 0.00
Sipct eguiv rad on clcud (km}. 5.64
Zoioud area (xmtd) ... ... . 100.29
P hzzons: Total signal.. . . Z.O0CES
rec’d sigral........ 3.227E-4 Zrvtical thickness............. 259.7¢C
—otal brgrd. ... ... 8.0CZES Tihickness of cloud (km!.... .. 1.3t
rec’d bkgnd......... 2.227E-4 Hleight of cloud (km)......... 1.30
ideal tkgnd.. .. ..., 1L.ESLE- =% tensicn 2f spot from max. 0.%%¢9
SIMULATION L INK MCZDEL
Si.spiacement c¢f rec’rc (km) 0.2cC foot mador axis on suri (km) .. 1.84
w2id3 Juseci....... e 3.78 T3dB (USeC) L. e a.52
Sizrnal 42 Jzules)......... .. -34.32 fiznal dB Jculesj....... R -82.232
Background d3 W/ @ 2/nm) ... .. -1.22 Background (dB W/m~2/nm}.... . -1.82
SNR ({dB» A 70.80 SHR (AB) i ettt e et e e 52.54

~.bie 5. Comparizon of Simulation and Model Signal, Background, and 5/ N
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3.00
50.00
.54
A e
PRORS IR
T nouIns: Totmal sisnal.. ... .. <
3 . ,
rec’ 2 sigrnal : ;
S so al 3 CKIRSS . oL 23.770
oo "y z 5 ? e “~ -
TITa.l cxkgnd. z ~¢ sud o DN
rec’d pkInd 1 PSR ’ ol
DI 5 ZLCud lwemi.L L. LT
1zea. & LL.ETlT-C 2% 5oz from o max TLEEC
S I MO LATIOCN LI N K T T 2L
z _zzarent <f rec’:s (xm) PR oot macir axis on susf kmi L. 2 o3
R - o e 2 Tz
st B OOUBBT L 3.0% <342 2 3z
z al nE ITulesi ... -55.13 S.znal e ) ;;5
= e ™ oW ~ / ". - ‘ : o K
% §rzung EB WSmr2/nmy L. -1.32 Zackground (dB W/m 2/nmi. ... -1.32
z o = O 55.18 INR (dB) oo i e g2 .57

T e i I . . [ U SN
anle A Compansen of srmaaatien and MModel Sign ab, Backyronnag, and
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COMPARIGSON O F SIMULATION w/ DOWNLTINK MODEL
Simple Cloud Model
Select @ Turbo Pascal 5.0 ~“Print oON
Z(enith of sun {(deg).....ce0.. 0.00
N(adir of signal (deg)........ 0.00
S{pot equiv rad on cloud (km). 2.00
C{loud area (km"2) ....c.0uevvens 100.00
P(hotons: total signal........ 7.500ES
. rec’d signal........ 9.796E-3 Optical thickness............. 24.70
total bkgnd......... 5.00GCES Tirickness of cloud (km)...... ’ 1.90
rec’d bkgnd......... 9,227E~4 Htelght of cloud (km)......... 1.00
ideal bkgnd......... 1.651E-3 eX{tension of spo: from max... 0.99¢°
SIMULATTION I.LINK MCDEL
D{(lsplacement of rec’r (km) 0.00 Spot maijor axis on surf (km).. 0.232
t3(dB (usec)....... et eanaea 4.38 £3dB (USEC) . .vcnvsannarnoans .- 9.92
Signal (dB Joules)...c.cecuien- -75.83 Signal (dB Joules)...e:eeee-0. =77.53
Background (dB W/m*2/nm)...... -1.32 Background (dB W/m*2/nm)...... -1.80
SNR {(AB) ..o iinnrnsanns ceeeas 85.93 SNR (dB).veeeranns ceenean cevas 83.29

Table 7. Comparison of Simulation and Model Signal, Background, and S/N
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T 5 A0
x)&g‘. 20

-~ R R B Z ZON W 22 W N LT N7 I O
icdel
Zalezt @ 5.0 “Prinmt LN
Zienitn ooozun Zdegl..... ... SLll Riecerver Area (m~2i:..........
Niadirs I signal (degl ..., BV Bancwidtn (nm)y ... ...
S pct ezulv rad on cloud (km) .25 TransmMISSiON. .
Zolcuz oarea (k725 L. L0350 Lusantum efficiency. ...
IV (+/= deq) e e
2 nztcons: Tcoctal signal....... 3.C0CES
rac’d sigral....... . §.2532-2 Cptical thickress....... . . .... 29.7°¢
“Zta. bkgnd... ... S.20CES T'hickness =f clcud (kmy.... .. P
rez’2 okgnd. L. SL.2Z7E-4 Aoeight cf cloud .28
iZeal Zkgnd..... ... LL.eILE-E e{ zenglion cf sp c.2l72
S IMT LATION L INK M T T EL

z Ealial
- < e
- £
- e -3
= <"
= 32 Z
= v B

: 4 Sional, Backeround, and S/°N
- on of Simulation and Model Signal, Background, and =7

G T
[SSENN
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2ilenicn £ sen o (Zdeg) ... 0.02 Rieceiver Area (™2)..........
Niadir ¢f sigral (deg)........ 50.00 Sandwidth (nm)..............
S'pet eguiv rad on cloud (xkmj. 2.353 Transmissicon.. .. ...
CilzuZ area (Xm™2) ..o, 120.0¢C suantum efficiency..........
FOV (+/-deg) ... 0.
Fincrcns: tctal signal..... ... 9.000ES
rec’d signal........ 7.624E-3 Cptical thickness............. 24.70
total bkgnd......... S5.0GCES T{hickness of cloud (km)...... 1.0¢
rec’d pkgnd......... 9.227E-4 Hieight of cloud (km)......... 1.3¢C
ideal bkgrnd......... 1.651E-2 eX(tensicn of spot frcm max... 2.389
SIMULATTIGOCN LINK MCDEL
Stisg.acement of rec’r (xm) .00 Szet majer axis con surf (kmy .. 0.38
T20d8 (2SEBCi .. .90 TIZCB (USeC) ittt e e 9.82
Signal (22 Joules) . ...l -77.71 Signal (dB Joules)............ -79.22
Backgreound 2B W/mt2/am) ... ... -1.32 Zackground (4B W/m72/nm) ... ... -1.83
o 0 32.1°7 INR {8B) i e e 37

R

Tanie 3. Compartson of Simulation and Model Signal, Background, and 57N
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I MPARISON o F SIMULATION w/ DOWNZLTINK M2 ZEZ L
Simple Cloud Model
Select & Turbo Pascal 5.0 *Print  CN
Zienizh 2f sun (deg).......... 0.00 R(eceiver Area (m~2)..........
Niadir oI sigral (cCeg)........ 6€3.00 Bandwidth (nm)..............
S{zct eguiv rad on clcud (km). 2.00 Transmission................
Tiloud area (kmtZ) ..., 100.00 Quantum efficilency..........
FOV (+/-deg) cevv i,
?inctons: total signal........ 9.0C0ES
rec’d signal........ 3.641E-3 Cptical thickness............. 24.70
cozal bkgnd......... S.0CCES T(hickness of cloud (xm)...... 1.00
rec’d bkgnd. ... .. ... 9.227E-4 H(eight of cloud (km)......... 1.00
ideal bkgnd......... 1.651E~2 eX(tension of spot frcm max... 0.:5CC
SIMULATIOCN L INK MCDEL
C/isplacement cf rec’r (km)... 2.83 Spot major axis on surf (km).. 5.73
T3(dE fusec) . i i 4.7 338 (USEC) v vt i iiee e e 9.32
Signal ‘22 Jeules)............ ~33.32 Signal (dB Joules)............ -32.24
Zacxground (4B W/m*2/nm) ... ... -1.32 2ackground (dB W/m*Z/ami...... -1.890
SNR (CB) e e e e 76.36 SNR (dB) i ittt it e e e e 71.32
i . ! h
~sole 1. Comparnison of Simulation and Model Signal, Background, and 5/N
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COMPARISON (OB SIMULATICN wW DOWINHLTINK A2 3 Z 1L
Simple Cloud Mcdel
Select @ Turbo Pascal 5.0 “Print CN
Zienizh cf sun (deg).......... 60.00 R(eceiver Area (m™2)..........
N{adir of sigral (deg)........ 0.00 Bandwidth (nm)..............
S{zect equiv rad cn cloud (km) S.64 Transmission................
Cilzud area (kmt2) oLl 130.00 Quantum efficlency..........
FOV (+/-deg) .veeniii ..,
2'ncrzns: wstal signal........ S.0023ES
rec’d signail........ 9.227E~-4 Cegtical thickness............. 23.72
tctal bkgnd....... .. 5.00CES T(hickness of cloud (xm)...... 1.4n0
rec’d bkgnd......... 5.0152-4 Hlelght cf clcud (km)......... 1.CC
ideal bkgnd......... 1.096E-2 eXfctension of spot from ma.... ¢.3¢¢9
SIMULATTION L INFK MCDEL
Ztisplacement <f rec’r (kmj) ¢.c0C Sceot mat-oo axig con surf (xm) .. 1
=3(dB ({useci...... L ....... 2.75 tIdB (USEC) . i i v ittt PEVIIDE
Signal (23 JoulesS) . v.viinnnnnn -84.32 “.gnal (cB Joules).......... .. ~35.18
Zacxzrosund (2B W/m*2/nm) ... ... -5.1°¢ Background (dB W/m~2/nm)...... -5.33
SNR (8B) i i it it e e 75.14 SNR (dB) i ittt it e e eie e v 70.08

_ , < /N
' f Simulatic Mode rnal, Background, and &/
Table 11. Comparison of Simuiation and Model Sign gr
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M2 AR I SON CF SIMULATICN w/ DOWNLTINK MODEL
Simpla Cloud Model

Select @ Turbo Pascal 5.0 ~Print CN
Z{enitn of sun {(deg).......... 6C.00 R{eceiver Area (m"2)..........
Ntadir ¢f s:ignal (deg)........ 60.60 Bandwidth (nm)..............
S(gor eguiv rad on cloud (km). S.64 Transmission.......vc.ooveu..n
Ciloud at=2 Il Luy.uu Quantum efriclency..........
TOV (+/- deg) e

?(hoteons: total sigral........ S.000ES

rec’d sigynal....,.... 6.015E-4 Cpticai thickness............. 25.72

total bkgnd......... S.00CES T (hickness of clcud (km)...... 1.00

rec’d bkgnd......... €.015E-4 H(eight of cloud (xm)......... 1.00

‘deal bkgnd......... 1.0968 23 eX{tension ¢f spct from max... 0.5%%9
SIMULATION L INK MO DEL

cement ¢f rec’rs (km) 2.3¢ Spot major axis on surf (km).. .2

2SBC) t i e c.04 C2dB (US@C) -t v i it ittt a s 12.17

3 (43 Joules) . ..., -86.13 Signal (dB Joules)........oc... ~38,81

Background (d3 A/m™2/nm)...... -6.19 Background (dB8 W/m"~2/nm)...... ~6.53

SHR (dB) .. ittt et e e 65.82 SNR (CB) i vttt i vt inerananenanns 66.87

‘ ' Si i Sl 1S/N
Tabie 12. Comparison of Simulation and Model Signal, Background, anc 5/
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2CMPARISON cF SIMULATION W DOWNILTINK MC D EL
Simple Clcud Model
Select 4@ Turbeo Pascal 5.0 “Print oW
Z(enith cf sun {(deg).......... 6G.0 R{eceiver Area (m™2)..........
Ni{adir cf signal (deg)........ 0.00 Bandwideh (nm)..............
S(pot equiv rad on cloud (km) 2.00 Transmissicn........... ...
Tl LIla RAST iiaaae. .. 133.30 wwauitum erziciency..........
FOV (+/- deg).cvueuncnnnnnn..
Pihcrons: total signal........ 7.500E5
rec’d gignal........ 9.7%6E-3 Cotical thickness............. 23.72
zzctal kkgnd......... 5.000ES T{(hickness of cloud (km}...... 1.0
rec’d bkgnd......... 6.015E-4 H{eight of cloud (km)......... 1.20
ideal bkgnd......... 1.096E-3 eX(tension of spot from max... 2.38¢%
SIMULATTION L INK MCDEL
Z.isplacement cf rec’r (km)... 0.0 Ipct major axis on surf {kmj.. 3.23
233 (USET) L. 4.28 T3CEB (USEC) vttt i te e 0.7
Sigrnal (43 Jzules) ..., -75.83 Signal (dB Joules)............ -77.7°¢
Background 42 W/m"2/nm)..... . -6.1 Background (dB W/m"~2/nm)...... -5.53
CNR (2B ittt i it e e 88.77 SNR (CB) ittt it it ittt eeeaannn 33.87

; - Si i ' icnal 'k \d, and S/N
Table 13. Comparison of Simulation and Model Signal, Background, /
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COoOMP2A2ARISON C F SIMULATION w/ DOWNILINK MODEL
Simple Cloud Model
Select @ Turbo Pascal 5.0 “Print CN
Z{enith ¢f sun (deg).....ou... 60.30 R(eceiver Area (m"2)..........
N{adizr <f sigrnal (deg)........ 6.¢C Bandwidth (nm)..............
S(pect eguiv rad on clocud (km). 2.00 Transmission................
C(lcud area (km™2)......v.uu.. 100.00 Quantum efficlency..........
D S =10 &
Piheotsns: totel signal........ 9.00CES
rec’d signal........ 5.262E~3 Cptical thickness............. 25.72
zotal bkgnd......... 5.CCCES T{(hickness of clcocud (xm)...... 1.23%
rec’d bkgnd...... ... 6.0LZE~9 Hieight of cloud (km)......... 1.08
ideal bkgnc......... 1.J96E-2 eX({tension of spot Ircm max... C.23¢
S IMJ3LATICN LINK MCDEL
Si{isp.acement of rec’r (xkm)... Z Srvot mazor axis on surf (kmi .. 4.17
L3028 2s@c) ...ttt i 322 22dB (USeC) v v i v it e PRI
Signal (22 Joules)............ -73.22 Cignal (dB Joules)............ -30.71
Bacxground {(dB W/m~2/am) ... ... -2.13 2ackground (dB W/m~2/nm) .. .. .. -%.53
SHR (28 L i e e 33,55 SNR (dB) o i i it ii e i 78.851

Table 14. Comparison of Simulation and Model Signal, Background, and S/N
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ZCMPARIZON c F SIMULATION w/ DOWNLINK MCZZ =L
Simple Cloud Model

Select @ Turbo Pascal 5.0 ~Print Cu
Zienizh ¢of sun (deg).......... 60.00 R/'eceiver Area (m"2).........
Niadir of signal (deg)........ 50 2C Banawidth (nm)..............
Sipot eguliv rad on cloud (km) 2.00 Transmission................
Ailaud area Im 2 (Lo 100.00 Suantum efficiency..........
OV (+/-deg) i

?’hetens: zotal signal........ 3.0CCES

rec’d signal........ 7.624E-3 Cptical thickness............. 28.72

wctal bkgnd......... Tihickness ¢f cloud (kml...... .03

rec’d bkgnd......... Hielqht of cloud (km)......... 1.38

i2eal brgnd......... eXicensicon ¢f spct frcom max... S.3283
S I MU L T ICN L I NK MCZEL

G.20 ~ macor axis con osurf (kmy PR

2.0 TICE I2SeT) i DRI

-TTL7L S:ignal (dB Joules!............ -78.Z:8

~5.19 Sackground (dB W/ma™Z/nmib ... ... -c.53%

SNR 8B L e 35.62 SNR f2B) L e e 82.3%7

= C ; Xy A 3N g~ A fomal Backoround and S/°N
Takle 15 Comparison of Simulation and Model Signal, Background, ar
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Co2MP?2ARISCN ¢ F SIMULATION w/ DOWNLIDNUY¥ MG DEL
Simple Cloud Mcdel

Select 4 Turko Pascal 5.0 ~?rint Ih
Zlanirh c€ sun /deq) ... 60.00 R{eceiver Area (m"2)......... .
Ni{adir <f signal (deg)........ €C.00 Bandwidth (nm)..............
S{pot egquiv rad on cloud (km). 2.01 Transmission................
Ciloud area km™2) ..., 100.030 Quantum efficiency..........
FCV (+/=-deg) ... oL,

? hctons: tozal signal...o..... 9.0G0CES

rec’d signal........ 3.642E-3 Cptical thickness........ o 28.7°2

votal tkgnd. ... 5.0CCES Tihickness of clcud (km)...... 1,08

rac’d bkgnd. ... ... 5.015E8-4 Hi{eight of cloud (kmj......... .28

ideal bkgnd......... 1.068E-3 2¢Xitension of spot Ircom max 0.538
S I MU LATION L I NKXK M 2 DE L

233 Zcect majer axis on surf (km) Tz

§.73 C3AB (USEC) . i e DRV

-35.3%2 Signal (dB Joules)............ -52.3¢6

-5.19 Background (B W/m~2/nmj...... -5.58

80.40 SNR (BB} ve ittt it ie i i e e e 72.42

1 A C nd and S/ N
' imulati d e nal, Background. and >/.
le 16. Comparison of Simuiation and Model Signal, g
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Figure 1. Schematic Drawing of Cubic Cloud Model
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solid angle = w
range = d

DETECTOR

/

Figure 2. Schematic of Intensity Reference Metnoa
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Cloud Reflection Radiance Profile
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Cloud Reflection Radiance Profile
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Cloud Reflection Radiance Profile
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Cloud Reflection Radiance Profile
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APPENDIX A. MONTE CARLO SIMULATION OF RADIATIVE TRANSFER
1.0 INTRODUCTION

The purpose of this Appendix is to give a brief introduction to and description of
Monte Carlo simulation methods for radiative transfer problems. The Appendix is
intended as an adjunct to the Monte Carlo codes developed for the Naval Ocean
Systems Center; its function is to define the underlying basis of the codes and does
not purport o be 2 grimer on Monte Cario simulations. The reader is referred to
Kalos and Whitlock (1986) for a general discussion of Monte Carlo methods and to
Lenoble (1985) tor a discussion of its applicaiuion to radiative transfer.

In a Monte Carlo computation one photon at a time is followed along its three-
dimensional path through a scattering medium. Its fate is determined by suitable
probability distributions for mean free path, absorption, scattering angle, wall
abcorpticn and refiection, and so on. The photon is followed until it is absorbed,
detected, or leaves the field of interest. A sufficient number of photons are followed
until a picture of the system emerges.

The Monte Carlo method has some advantages over other computational methods
for radiative transfer, namely

* any phase function can be used

can include polarization (with a two times penaltv in computation time)

several detectors may be inciuded (small penalty in computation time)

can divide medium into both vertical and horizontal lavers of different
optical properties (small penalty in computation time)
* complex geometries can be used (small penalty in computation time)

MNaturally, there are disadvantages as well . . .

* not suitable if high accuracy is desired (dout ‘ng the accuracy requires
quadrupling the computer time)
* always get bin averaged radiances rather than point values (smaller bins
mean increased computation time for a given accuracy)
* not practical for opticallv thick media (say, £ > 100)
rechnical discussion of the Monte Carlo method tor radiative transter is presented
in Section 2. The phvsics is described and the geometry of scattering 1s presented.
Next, the statisticai relationships required are reviewed. Then the probability
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distributions for mean free path and scattering angles are discussed. Finally, some
miscellaneous subjects such as absorption and reflection are discussed.

Section 3 contains a discussion of the computational aspects of Monte Carle
simulation. Program design philosophy and layout are discussed followed bv a
collection of tricks the author has found useful for reducing the computation time.

References and List of Figures are gien in Sections 4 and 3, respectiveiy.
2.0  TECHNICAL DISCUSSION

Figure A-1 shows a schematic of the scattering process. Photons are introduced into
the scattering medium from a source with a specified mean free path and
orientation. Upon encountering a scattering particle the photon is scattered off with
a new mean free path and direction. When the photon is scattered, its departure
direction is determined relative to its arrival direction. In order to properly follow
the photon its position in absolute coordinates must be determined.

2.1 Geometrical Considerations

Figure A-2 shows a sketch of the geometry of scattering. The primed coordinate
svstern is relative to the arrival direction (i.e,, z7 aligns with the direction ot the
arriving photon). The unprimed coordinate system is aligned with the absolute

coordinates.

Consider a scattering event with a unit mean free path scattered at a zenith angle,

# and azimuth angle, a’ relative to the arrival direction. Then the rollowing
‘ranstormation of coordinates applies
/ /

’

Y
X sin® cos®

il

7

y' = sina’sin@’ (A-1)

= =cos6

x =- y'sina’+ x"cos a’
v = x"sina’+ y cosé (A-2)
I = —Y's1inf + 1z cosl

IS
el e

¢ = xros8 o+ 2 osind CALD
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and

6 = cos 'z
. e (A-4)

a”=tan™' —x-)
fquations (A-1) through (A-4) must be computed for each scattering event. This can
literallv be in the tens of millions for a modest simulation. Unfortunately,
computation times can be quite large because of the trigonometric runctions. After
much experimentation with alternative computation schemes (including fast look-
up tebles) it was found that the entire calculation could be done much faster in
terms of direction cosines, and that very few trigonometric calculations are required
at all. In fact, as will be seen later on, even the scattering angle zenith can be
randomly drawn in terms of its direction cosine. (The azimuth is still drawn as an
angle, however.)

Referring to Figure A-3, the direction cosines of the translation vector ix from the
point of scattering, x, to the next coilision %, are given by

” ”or

lec -1, -
R A 2 (A-3)
! wl
1- 3
U4+ 171 ,
11_-:-2_:’-___'_7_ (A-6)
- ’/12
1- 1,
1”2,! v, (A -
[,=- -1, 1:+1313 -7

where
” ’ /IZ ’ .
¢ = 131,_-{-,/1—13 l3 (A-8)

and { are the direction cosines of the scattered photon in absolute coordinates, [,

’”
!

are those in coordinates relative to the arriving photon, and ! are those of the
arriving photon in absolute coordinates. Notice that there is no explicit dependence
0. any angles.

For a mean tree path of length Jd the final positon £ 15 determined trom

e ] |
l’f = X+ u it (‘\-Q)
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It has been shown that the photon position can be tracked by calculating its position
from its previous position and translation vector. The translation vector is obtained
from a randomly drawn mean free path, direction cosine of zenith, and azimuth

2.2 Statistical Consiuerations
Referring to Figure A-4, p(x) is called a probability density function and its integral

{(x) 1s called a probability distribution function. The definition of the probability
densitv function requires that

p(x)20
P (A-10)
fp (x)dx =1
a
The probability distribution function is a cumulative probability. i.e,,
P(X <sx)=f(x)=]pltidt (A-11)

9

—~ 3 oy
1
i

he distribution function satisfies these three conditions:

1. limf (x)=20; lim f(x)=1

T —0 T o
2 ftx)20;  f(yy2flx)ify >x
3. f(x ) is continuous

Finallv, to get a random variable x with a distribution function #xJ, choose a
random number, RN, uniform in {0,1] and get x trom the inverse tunction, Le,,

x = f(RN) (A-12)

[t 15 ailwavs worthwhile to test that an algorithm indeed samples *(xi. Several
methods to check an algorithm can be used. The simplest consists of generating
random variables and sorting the results of Eq. {A-12) 1nto bins within the range ot
:he random variable. This can then be compared with the probabiiity density

- —~
‘uncann, Several ‘

wi. 0 Lol adier o o connection with Jdistribution

ey s
Soseansipsa

Turmctions of cnterest n oradlative ranster.
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2.3 Mean Free Path
Simulation of the distance traveled between collisions is calculated directly since the

fraction of radiation transmitted through a given distance is also the probability of a
photon traveling the same distance. Thus,

p(x)=exP<~T)=eXP|r—fﬂd5J IA-13)
(\ o
f(x)=1-exp(~T) (A-14)

s

| Bds =

0

-
il

-In{1 -RN) (A-13)

[f the scattering coefficient is constant then the mean free path is given simply by

S = - "l-ln(RN)

B (A-16)

Figure A-5 shows a comparison of the statistical model, Eq. (A-16) with the
probabiiity density function. Eq. (A-13) (for a constant scattering coefficient). This
demonstrates that applying Eq. (A-16) to random numbers uniform in [0,1] does
indeed replicate the expected probability densitv function.

More generally, Eq. (A-15) must be iterated to get the mean free path s Fora
simple two-layer model, however, analvtic results can also be obtaired. The
:mnortart point there is to adjust the mean free path if the photon goes from a
region of one optical density to the other. Figure A-6 shows a sketch of the two-laver

ToGel.

Ecuation 'A-13) suggests that 2 medium ot continuously variable optical properties
might de treated simply by transforming from the physical plane to that of the
yptical thickness, 7. This has never been ‘ried by the author.

2+ Scattering Functions

“iany different scattering functions have been used in Monte Carlo simuiations ot
radianve ransport for ditferent phvsical problems. Figure A-7 shows a sketoh of the
scavering geometrv. The briet list below is limited to those with which the author s
ramiiiar:
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* uniform distribution (usually applicable to the azimuth angle of
scattering)

* isotropic (equal distribution of phctons per unit solid angle; usually
application to photon emission on quantum state transitions)

* Lambertian (equal distribution of photons per unit solid angle per unit
area; usually applicable to reflection from surfaces)

* Mie scattering (complex scattering pattern caused by the interaction of
electromagnetic waves with molecular dipoles characterized by strong
forward scattering, usually applicable to scattering in aerosols and clouds).
Figure A-8 shows a schematic of Mie scattering

* Henyev-Greenstein (an analytical model with characteristics of Mie
scattering)

* Irvine-Henvey-Greenstein (an extension of the above model with
improved backward scattering)

* Empirical (phase function and/or distribution are fit to experimental data;
these have been used for clouds and sea water, for example)

¢ Skewed-Lambertian (cosine-to-the-n behavior)

Other possibilities abound as well. King and Harshvardhan (1986) and others have
used phase functions derived from Mie scattering calculations for a cloud with a
particie size distribution. Waldman (1988) has used curve fits to experimental data
of Petzold (1972) to get the scattering function in sea water. Some specific examples
are considered in detail below.

A. Uniform Distribution

An example of uniform distribution is the azimuth angle upon scattering. The
angle is selected randomly from

6 =22 RN
where RN is uniform in [0,1].
B. [sotropic Distribution
sotropic distribution applies, for example, to spontaneous emission of a photon

during a change in quantum state such as fluorescence. Statisticallv, the intensity, or
number of photons per steradian is constant, theretore
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p,(8) = sin6
f,(6) =1~ cos6 (A-17)
U= RN

(Notice that RN is functionally equivalent to 1-RN since RN is uniform in [0,1}.)
C. Lambertian Distribution

This is applicable to diffuse reflection from a surface. Statistically, the radiance or
number of photons per unit area, per steradian is constant, therefore

p, (8)=2sinB cosb
f,(6)=1- cos?6 (A-18)

U =~/RN

Figure A-9 shows a comparison of the statistical model and the probability density
function.

D. Henvey-Greenstein Distribution

This is a commonly used model for Mie scattering. Although it lacks the details of
the Mie scattering it has the general characteristics ard often proves to be an
adequate model for cloud and aerosol studies. Its principal advantage is its analvtic

form, viz.,

(1~ g?)sin@

pHC(‘G)z 3.2
2(1+ g% —2g cos6 )

N

f (9)_(1—;;2} L 1 )
THG ’ \ 28 1- g \/1_*_{5\,2,_2‘2 cos@ //| {A-19)

( 1-g° \.
l\1+g - 29 R.\T/J

23

1+ g7~

u:

Figure A-10 shows a comparison of the statistical model and the prehabiitty density

pancnion
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E. Irvine-Henyey-Greenstein Distribution

The principal shortcoming of the Henvey-Greenstein phase function is its weak
backward scattering lobe. The Irvine model attempts to correct this by summing two
Henyeyv-Greenstein phase functions with positive and negative asvmmetries,
respectively. Thus,

p!HG(‘G) = apHG(Q;gi) +(1~ a)p.wc(e;gz)

. tA-205
Fuuc(8) = afyc (818, + (1= a)fy (81 21) )

where a is the fraction of forward scattered photons. Gernerally, g, >0 and g,<0.
The direction cosine must be obtained from the distribution function by iteration.

Figure A-11 shows a comparison of the statistical model and the probability density
function.

F Sea Water Scattering Distribution

The Henvey-Greenstein phase function is not generally adequate to model scattering
of light in sea water because a high absorption coefficient puts a stronger emphasis
on the rorward and backward scattering lobes. Statistical models for the sea water
scattering distribution function can be developed from empirical data, such as that
presentec ov Petzold (1972).

Figure A-12 shows a comparison of such a statistical model (curve fit to data) and
the proocability density function (data on the volume scattering function in sea
water).

—

G, Sxewed-Lambertian

There are no specific applications for this distribution. Frequently, however, one
encounters radiance profiles which are described as having “cosine-to-the-n"
Sehavior, i.e., :

p,t6)=(n +1)cos" sind
fl8)=1-cos ™8

u=RN

sgure AT snows a comparison ot the statistical model and the probaminy density
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25 Surtace Reflection

Surface retlections may be diffuse or specular. One special case of diffuse reflection
is Lambertian, in which the reflected radiance is the same in all directions. Figure
A-12 shows a sketch of the reflected irradiance for various types of surface reflection.

A commonlyv encountered problem in radiative transfer is the specular reflection of
ohotons off curved surfaces. Here the vector form of Fermat's principle is requirec

IS

toc determine the direction of the reflected photon,

= =24 P (A-22)
where 7 and 7 " are the incident and reflected directions, respectivelv, and #' is
the unit normal to the surface (see Figure A-12).

When the walls have discontinuous first derivatives (i.e., corners, as in the
boundaryv of a wall ard floor) then special attention must be paid to the photon
reflection. As unlikely as such an encounter may be in a simulation, experience has
shown that it can and will happen, often with dire consequences in a program
which did not anticipate it.

2.6 Absorption

Absorption can occur within the scattering medium or at a surtace. In either case
the probability of the photon being absorbed can be computed and the photon path
can be continued, or not, depending on the outcome.

T‘u’s can e very inetficient from a computatioral point of view, however. Rather,
what is recommended is that each photon is a-signed a weight, or probabulity, which
is diminished upon each absorption. The aecrease in photon wexgh* s just the
orobabiiity that it was absorbed. In this way the computation can proceed wnhout
starting a new photon each time one is absorbed.

R (Gaussian Radiance Profile

This special topic is of relevance to photon detection under water where the
radiance profile is tvpically Gaussian (see, tor example, Jerlov, 1976). There are
manv wavs to generate randorm variables which replicate Gaussian probability
density tunctions, but these density functions are not the same as those associated
with a Gaussian radiance profile. The difference 15 that the radiance protile
werains an additional cosine term for the area etfect) and a sine term tor the solid

1ngie ettecty
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In a formal sense the probability density function for a Gaussian 1adiance profile for
a specitic receiver is given by

J' exp( —J) )LOSQ sinfd o
rig) = (A-23)

2]

- / - \2\ ~
| exp\-(5) Jcos6 singd 8

0

where €. is the receiver field of view half-angle. It has been assumed that the
receiver has a cosine response (otherwise substitute the response function for

cosd )

The probability ot integrating this in closed form, then determining the distribution
function and irs inverse, is zero. ‘'Naldman (1987) has found a suitab
approximation for the exponential term which permuts integration of Eq. (22)
Nevertheless, the distribution function is cumbersome and the direction cosine can
only be obtauned by iteration. This is somewhat time consuming and a table look-up
is preter.ed. Figure A-13 shows a comparison of the statistical model and the
probability density function for a receiver with a 90° field of view hall-angle (flat
p.ate receiver).

25 Nornte Carlo Simulation Results

Several xinds of results can be gleared from Monte Carlo simulations. These can be
croadiv characterized as global, statistical, and specitic As an example. consider light
ransmission frem a point source through a cloud. Global results consist of the total
numoer of photons reflected and transmitted. S.utistical information might consist
af e 'we’n and rms values tor exit radius, angle, and time. The mean and rms are

“ascuiated as follows:

P — A2
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where ¥, are the runctions being evaluated (e g, exit radius, angle, or time) and «,
s a welgrting function. The Weightir‘?j tunction applies in SUL_h cases where the

photons may arrive at the exit piane with ditferent weights {e.g., due tu absorption;
These statistics can be computing on a running basis s¢ that it is not necessary o

sare all ot 'tne indi\;iduaj results {which would He ractical, if not ;mpusszb‘:e, on

Specitic results refer to such information as the radiance protile, s ,
Sistributnon, and pulse temperal distribution. The nature of the Monte Carlo
" ' ese cannot be determined exactly, but rather oniv as oin

L1

e
To \n“ect this information requires seoaraune the resuits ie.¢

crete bins and ac*”mu’a'*ng the weighted pnot ns that armive in

-

vzie: into di

2l A
zach tin. These data can then be plotted as histograms to give an approximate

e

fure of the photon behavior. Clearly, this contains the mos t information of all
' ; ' time COnsuming, uepena“ g upon the bin

4T s.mulations oniv exist because of <:omputprs there are no ax*a?v‘*ical

5 : . 3 . s : — - -
;Auq am dm.__‘;r‘ ANG lavoul win dictate how useful the Srogram s on
variety of needs. Program execution speed is vital in ueter:ﬂx:‘;'rtg i the

‘rogramn Design Philosophy and Lavout

Loororeros designed Monte Carlo simulation program snowsd be readily 2dantatie o
ary nurrber of madiative transter problems within a broad class uf such probiems.

N e exent this means an: xc'Datmg which parameters are fixed ard which are
Also the program should e highly mud‘ larized <o that anv part can be

iy lenttled and altered a0 reeded Self-documenting programs can de very
~xsv oo maintain and modity This can be ach wij DV assigning o p*\ro“* ale varavle
o trat are either descripive or contorm o the s andwu notanon of Che teld.
saenuiving all the constants, parameters, and variables, and therr omitssalong

ooa modest amount of comanents oo the ode = 1:u‘§1<ptﬁﬂ%lﬂuﬁ

Tee e e ey g osmdlanion neriedoalis Soe ! NURIHES

: SLoaT The ity o stop and resstart cnee Uroaram

Tiip i 0 Cone il A e SR S TOOTTY GO S e Tolalivole Dartatie o ardor o
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take advantage of faster machines and compilers as they become available. During
program development it is desirable to test modules independently and also to build
in debugging statements which can be turned on at will . (Actually, with modern
compilers and debuggers this is probably not necessary.) Finally, the programming
should be kept simple. There are times when this will be in direct conflict wit}
making the program as fast as possible. Of course, make the program run faster, but
document the simple procedure and the origin of the more arcane one in the code
itself.

3.2 Pregram Execution Speed

in Monte Carlo simulations program execution speed may mean the difference
between getting an answer or not. Methods of increasing program speed fall into
“wo categories, general and ad hoc. General methods consist of programming
cractices which are germane to all simulations. For example, it has alreadv been
mentioned that rigonometric calcuiations are slow compared to those for direction
cosines. This applies to scattering statistics as well, where the direction cosines can
oe reund directly. Along the same lines, \/1 - i is much faster than sine function;
;just beware of angles between 7 and 2x . Frequently, look-up tables can be faster
than computation and can contain enough entries so that interpolation is not
required. Using pointers to the table (available in the Pascal and C languages) is

=ven raster  Avoid loops, particularly for updating direction cosines in position.
There is a .arge compu%*ional overhead involved with a loop. Finally, use the

rastest rlcating point represewatvon available on the target machine and korr‘plle

' e no hara and fast rules on this. On some machines/compilers reals are

raster than doubles because the data fetches are quicker, while on others, thev are
cause the numerical coprocessor must convert all the reals to doubles

av' Ot course, these considerations mav be overridden by Juestons of

~americal precision and range.

s.ower zecd
t

“When deaing with specific preblems some ad heco tricks mav be found that can
reduce Jomputation time significantly. Without any elaboration, these may consist
foezlective generation of photons (i.e,, ignoring ones which initially 2o off in the
g <jzr9<:’:ion), discarding photons which strav too tar, calculating several cases at
croeat pessible (e.g., several receiver locetions, different wavelength photons, etc.),

ity complex media fe.g., iroan atmospheric transmission ':.roolem treat a cloud
1= 3 diftuse rerlector rather than sm"ulatmg It), exagperate receiver size to collect
~oere ohatons, cheat on receiver shape 1o simplity detection calculation. ard <o on.
peomernod o speeding up the calculations compiites the probability o g photon
roronirs s detector ratier chan ast collecting those mhotons which aciuailv do reach
Tre el s imvaluacie and some cases and not appacatie at b otherss s

Ciaeel e neensity retereroe method and s discoussed separately an Appendin B
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Figure A-3. Schematic of Single Scattering Geometry




Optical Transmission Through Clouds
Appendix A. Monte Carlo Simulation

Page A-18

PROBABILITY

Q)

p(x)

STRIBUTION

FUNCTION

£x)

f(0)=0

lim f(x) =1

xr _, ™

To get a random variable x with the
distribution function f(x), choose a random
variabie, RN, uniform in [0, 1] and get x from
the inverse function, i.e.,

x = f1(RN)

Feoure 4. Statistics {for Distribution
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dQ2= sinBdBdd = d (cosB) do

Figure A-7. Scattering Geometry




Optical Transmission Through Clouds
Appendix A. Monte Carlo Simulation

Page A-22

Particle size i3
approximatsly
one-tourth the
wovalength
of light

Pgrticie size 18
larger than the

wavelength
of light

Nete:
Complex scattering pattern is caused by the interaction of

g'ectromacgnetic waves with melecular dipeles characterized by
sirong forward scattering.

Figure A-8 Schematic of Mie Scattering
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-Greenstein Phase Function
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Sea Water Phase Function (Empirical)
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Skewed-Lambertian Distribution
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Gaussian Radiance Profile

T T
e !
i |
|
| l !
| ! i
: ! ‘
i | l
| | i
c ! !
O 7 = i { i
- : :
pe; H H
8 ‘ i .
c e ; |
= Al § ?
(o {J H
P %} :
——t I !
~ /] |
) }f i
c 4«0 .y
) - :
o ; i
i
- i
P
ha |
~—
o
J: |
% c .= } ;
C C o~ n’ [
o it '
F’ |
; ’ , \ﬁ.i'i{ |
— t L‘-"\_k-
1t |
,/‘ '

Simulation vs. fquatign
{aimulaticn uses approx
gauss radiance profile
Recaiver fov = 390 deg

{ CE+6 Random Triala

Figure A-15. Comparison of Simulation and Equation:
(Gaussian Radiance Distribution




Optical Transmission Through Clouds
Appendix B. Intensity Reference Method
Page B-1

APPENDIX B. INTENSITY REFERENCE METHOD FOR RADIATIVE TRANSFER
1.0 INTRODUCTION

The purpose of this Appendix is to give a brief description of the intensity reference
method. The method has been described by Meier, Lee, and Anderson (1978) and
will be reviewed briefly here along with a description of a model extension for cases
where the photon is near the receiver. Basically, there are three distinct domains of
interest which are referred to as far-field, mid-field, and near-field depending upon
the distance or the photen to the detector The technical discussion contains a tilet
descripton of each of these.

In the intensity reference method the probability of reaching the detector is
computed and stored at each photon scattering. The accumulated probabilities are
then proportional to the intensity, as described below. Photons continue to follow
their natural histories as determined by the specified physical processes. The
advantage of this scheme is that, in contrast to the low likelihood of a photon
actually hitting a receiver, there will always be some probability of it actually
occurring. Thus, summing the probabilities greatly improves the statistics since
each scattering event contributes to the intensity. In addition, the probability is
computed exactly from the scattering point to the receiver; no other approximations
are introduced. Moreover, the technique lends itself to vignetted receivers, ie,
receivers with a limited field of view (which lowers the likelihood of a pheton
hitting the detector even further).

20 TECHNICAL DISCUSSION
The intensity reference method considers the probabiiity of the photon reaching a
Ieector as a consequence of a scattering event. Figure B-1 shows a schematic
irawirg ot ‘e method. The probahility of a photon beiny scattered in the direction

P S N
D the Setector s

‘w (B-1)

where the integration is bounded by the solid argle from the scattering event to the
recerver area. However, along the path to the detector the photon may be absorbed
or scattered out ot the path. Thus, the probability ot the photon actually reaching
the receiver 15 diminished. In addition, the photon "weight' upon scattering is
accounted tor so that the probability s finallv given bv
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p = juP (6)e " ¥ o
@ (B-2)

where w is the initial photon weight, @ and [ are the absorption and scattering
coefficients, respectively, and 4 is range from the scatterer to the differential solid
angle. Eguation (B-2) is a two-dimensional integration and s numerically
cumbersome .

21 Far-field Approximation
he far-field approximation is frequently emplioved in radiative transier problems.
t is appiicable when the detector area is smail compared with the square of the
range; in other words, for small solid angles. In that case, Eq. (B-2) becomes

e

p = wP (9,‘)8—( a’ﬁ‘)zjcm; ACL) ‘8’3)
where
A, cosC A, cos3(
Aa) = 2 = 2
a < (B-4)
and 6, :s the scattering angle given by
cosf, =1, 1, (B-3)

where .. is the direction cosine (unit vector) of the scattering point, £ and (. is the

direcuion cosine of the photon arriving at x. . This is the most common application

st the intensity reterence method. It's particularly usetul in atmosphenc problems
where the distances are large and the receivers are small.

22 Mid-field Calculation

The rar-tield approximation breaks down when the photon i, sutriciently close to
the receiver because the sclid angle can no longer be approximated by kEq. (B-4).

Thus, recourse must be made to Eg. (B-!) For a circular receiver Eq. ¢B-1) can be
owritten as

R P (B e A _
p =] | —r———cosS rdr do
5 % d (B-6)
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R is the recewver radlus The distance, d. the scattering angie, 4 and the
angle, <. are ail functions ot t}-ae i Adgpcnaem d >s v oand H
Comparisors of compu*anons with Egs. (B-3) and 1B-6) show that F q 1B-“~, Is sultap

If the range s about ten times the recewer radius. Gernerally speaking, Eq. fB—o; 1
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N |

solid angle = w
range = d

DETECTOR

Figure B-1. Schematic of Intensity Reference Method




Optical Transmission Through Clouds
Appendix C. Modified Gamma Fur.cction Pulse

APPENDIX C. MODIFIED GAMMA FUNCTION I'ULSE

I 1
[ace C-1

The modiried function is frequently used as a model tor the temporal pulse

spreading ot scattered radiation.

where x 15 :he inverse charac

v

The mean ume is given by

- .r 2
Co= tpitde =5
A
The rms time (s given by
[P 2
bows = 108 ~ £ ) pltrde -
¢ . r
. ) b
ar = %.(t ) prtiat = e
Tre 3B pulsewidth is given by the difference in imes where 2t = (/2
must pe solved by iteration, there results
2 1638603925705 /b
Lag = X '

dp(t}

at

The purpose of this Appendix is to collect the
appropriate relations for the pulse time to peak, mean, rms, and 3dB pulsewidth.
The pulse is expressed as a probability density function

pit)= k'te™

=0 f

The di

ribution function 1s then

that 01 =) and f(=e} = 1. The time to peak is given by

K

K

(C-4)

{C-N
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